Abstract
Introduction

Under normal physiological conditions, endothelial cells form monolayers that line blood vessels and serve as an indispensable barrier that controls the transport of macromolecules from blood to the interstitium. Loss of this barrier function results in pathophysiological conditions including oedema
. Caveolae-mediated transcytosis is the primary means by which plasma macromolecules cross the endothelium. Caveolae, the omega-shaped plasmalemmal vesicles of 50-80 nm in diameter [2] , represent >95% of the endothelial cell vesicles [3] . Transcytosis occurs by the activation of fission and endocytosis of caveolae from the apical membrane [3] [4] [5] , followed by migration of detached vesicles to the basolateral membrane where they fuse and release their contents into the interstitial space [6] [7] [8] [9] [10] [11] [12] .
The main structural unit and biological marker of caveolae is the [20] [21] [22] [13] (Fig. 1) . Caveolin-1 and -2 are ubiquitously expressed, while caveolin-3 is confined to muscle cells [14] [15] [16] . The ␣ and ␤ isoforms of caveolin-1 result from alternative splicing from a single gene; the ␤ form is 32 amino acids shorter than the ␣ form [14] . Caveolin-1 is required for the biogenesis of nonmuscle caveolae since the overexpression of caveolin-1 in cells that lack endogenous caveolin-1 results in the de novo formation of caveolae [17, 18] . In cells that loose caveolin-1 expression during transformation, caveolae are no longer present [19] . Moreover, endothelium and adipose tissue of mice defective in caveolin-1 are devoid of caveolae [20] [21] [22] [23] [24] . Suppression of caveolin-1 expression by siRNA leads to a dramatic decrease in the number of caveolae in endothelial cells, which returns to normal following recovery of caveolin-1 expression [25] .
By tracing the movement of labelled albumin and other molecules from the luminal side of the endothelium by electron microscopy [9, [26] [27] [28] , it was shown that caveolae are involved in the transcellular transport of molecules through endothelial cells. In fibroblasts derived from caveolin-1 knockout mouse embryos, uptake of fluorescent-labelled albumin was abolished [24] . Both electron microscopy and radio-iodinated albumin uptake studies confirmed the failure of caveolin-1 knockout mouse endothelium to internalize albumin in vivo, further supporting the importance of caveolae in the transport of macromolecules [29] . However, mice lacking caveolae are viable and the albumin concentration in cerebrospinal fluid of caveolin-1 knockout mice is not different from that of wild-type mice [20] . It 
Src signalling in caveolae-mediated endocytosis
Selective internalization of certain proteins occurs within caveolae upon ligation of cell surface receptors [10, [30] [31] [32] [33] . We and others have shown that endocytosis via caveolae is critically dependent on stimulation of tyrosine kinase signalling [10, 31, [34] [35] [36] [37] [38] [39] [40] [41] . Dephosphorylation may also be involved in the control of caveolae-mediated endocytosis [34, 40] . However, the mechanism of caveolae formation and release from the plasma membrane in response to caveolin-1 phosphorylation remains unknown.
Early on, studies showed that the binding of some proteins to their receptors induces receptor clustering in caveolae, which in turn activates phosphorylation cascades [31, 34, 36] [31, 40] . Tiruppathi et al., as well as others [39, 40] showed that the tyrosine kinase inhibitors tyrphostin A, genistein and PP2 block albumin uptake. Additionally, expression of dn-Src (dominant-negative Src, Y527F/K295M) inhibited gp60-mediated internalization of caveolae in endothelial cells [10, 41] .
Furthermore, a peptide encoding the caveolin-1 scaffolding domain (CSD) dose-dependently inhibited the auto-activation of purified Src kinases (c-Src and
Fyn) [45] and also decreased transcytosis of albumin by 50% when introduced to the cells [46] . Finally, down-regulation of Src with siRNA induced aggregation of caveolae and a decrease in the mobility of caveolae, which resulted in defective endocytosis of SV40 in HeLa cells [47, 48] . A recent screening for kinases important for caveolae-mediated endocytosis revealed a large number of these molecules are involved in co-ordinating caveolae internalization [48] . The present review focuses on Src family kinases as they represent the most well studied signalling mechanism involved in caveolae-mediated endocytosis. (Fig. 2) . The phosphorylation state of these proteins may regulate their three-dimensional structure, activity, localization and set of binding partners. Therefore, the primary function of Src in caveolaemediated endocytosis has been proposed to be the regulation and assembly of multi-protein complexes responsible for caveolae fission and internalization [10] . [10] . Also, both activation and inhibition of G␤␥ had a profound effect on Src activation and caveolae-mediated endocytosis of cholera toxin subunit B and albumin [40] 
The mechanism by which receptor clustering in caveolae activates Src kinases is not completely understood. Activation of Src kinase and Src-mediated phosphorylation of caveolin-1, caveolin-2 and dynamin-2 represent early and essential steps in this cascade
Treatment of bovine lung endothelial cells with pertussis toxin or a dominant negative G␣i construct encoding the carboxyl-terminal 11 amino acids of G␣i inhibited endocytosis of iodinated albumin and vesicle formation induced by gp60 cross-linking in endothelial cells, illustrating that caveolar internalization may be regulated by a Gi-linked pathway
, suggesting that heterotrimeric G-protein Gi is upstream of Src in the signalling cascade initiated by albumin which is then internalized and transported in caveolae.
When Src is activated, a number of proteins concentrated on the cytoplasmic surface of caveolae are 
Clustering of various receptors, for example albumin binding protein gp60, initiates endocytosis via caveolae by associating with caveolin-1 and activating Src-family tyrosine kinase signalling (A, B). Caveolin-1 plays a central role as it serves a scaffolding function for components of the signalling machinery responsible for endocytosis and also stabilizes caveolae at the membrane. Gi/␤␥ -linked Src-family kinase activation (via autophosphorylation of Src Y416) (B) in turn phosphorylates tyrosine residues on caveolin-1 (Y14) and caveolin-2 (Y19, Y27) (C), which may destabilize membrane-associated hetero-oligomers (C), and the GTPase dynamin-2 (Y231, Y597) which is thought to 'pinch' caveolae from the plasma membrane (D). Src-dependent phosphorylation is hypothesized to be the trigger that activates caveolar fission by decreasing the rigid structure of the caveolar coat and activating dynamin pinchase function.
phosphorylated. Caveolin-1, perhaps the primary substrate of Src, is phosphorylated on tyrosine 14 [45] (Fig. 1) [54, 55] . In NIH3T3 cells, caveolin-2 phosphorylated on tyrosine 19 localizes mainly to the cell borders, whereas caveolin-2 phosphorylated on tyrosine 27 was observed in small puncta throughout the membane and cytosol [55] . Despite different cellular localization, both phosphorylated forms of caveolin-2 dissociate from high molecular weight caveolin-1 oligomers but remain in lipid rafts [54, 55] [59, 60] , and association with caveolin-1 at the plasma membrane [41, 61] . Dynamin-2 with mutated sites of Src phosphorylation, at tyrosine 231 and 597, fails to migrate to the membrane and also has a reduced ability to bind caveolin-1 [41] . Such binding, which was recently shown to be direct [63] , is required for caveolaemediated endocytosis of albumin and cholera toxin [41] . Interestingly, SV40-induced internalization of caveolae was also shown to be dependent on tyrosine kinase activity [36] and recruitment of dynamin to the membrane [37] . Dynamin-2 localizes to the neck of caveolae and mediates their release from the plasma membrane [56, 62] [39, 41, 56] .
, which is supported by studies that showed expression of the GTPasedefective dynamin mutant (K44A) or microinjection of antibodies against dynamin-2 prevented caveolaedependent internal-ization of cholera toxin subunit B, albumin and glycosphingolipid
Potential role of Src-mediated phosphorylation of caveolin-1 in caveolae-mediated endocytosis
Caveolin-1 is a well-known substrate of Src [31, 40, [64] [65] [66] [67] [68] . (Fig. 1) . [69] [14] . Another study suggested that there are different populations of caveolae and that the ratio of caveolin-1␣ to caveolin-1␤ was greater in deeply invaginated caveolae [52] . These studies lead to the proposal that the ␣-isoform possesses a greater internalization potential than the ␤-isoform. [35, 65, 71] , enhancing the internalization of albumin [40] .
The initial approach to understand the role of the caveolin-1 N-terminus included comparisons between ␣ and ␤ caveolin-1 isoforms. Although different by just 32 amino acids, caveolin-1 isoforms play non-redundant roles in zebrafish development
Different approaches have been used to study the functional role of caveolin-1␣ phosphorylation in caveolae-mediated endocytosis. Staining of normal rat tissues with an antibody specific to phospho-caveolin-1 (Y14) revealed that in vivo, caveolin-1 is phosphorylated in endothelial cells but not in pericytes, fibroblasts and other cells abundant in caveolin-1 [35]. These data correlate with the constant engagement of endothelial cells in the endocytosis and transcytosis of macromolecules. In cultured cells, vanadate, an inhibitor of protein tyrosine phosphatases, increases the level of caveolin-1 phosphorylation and also stimulates its translocation from peripheral membrane patches to intracellular vesicles
Interestingly, co-transfection of v-Src, which is constitutively active, induces both caveolae internalization and aggregation. Phosphorylation of additional tyrosines in caveolin-1 by v-Src was suggested as an explanation for the differences in response to vanadate versus v-Src [65]. Thus, the N-terminus of caveolin-1, where tyrosine 14 is located, seems to be critical for caveolae internalization. This point is strengthened by observations that in CV-1 cells expressing caveolin-1 with its N-terminus blocked by a green fluorescent protein (GFP)-tag, SV40 internalization was attenuated, while cells transfected with caveolin-1 tagged with GFP at the C-terminus
showed normal SV40 endocytosis [43] . A recent study conducted in epithelial cells illustrated that the Src-dependent increase in the level of caveolin-1 phosphorylation upon epidermal growth factor (EGF) treatment corresponded to caveolae formation and internalization [72] . In the same study, the authors also provided evidence that caveolae formation in response to EGF was dependent on caveolin-1 phosphorylation since a phosphorylation-defective caveolin-1 mutant containing tyrosine 14 substituted with phenylalanine (Y14F) was not able to form visible caveolae. Moreover, we observed that expression of Y14F caveolin-1 mutant in endothelial cells significantly reduced endocytosis and transcytosis of albumin [23, 46] suggesting the caveolin-1 N-terminus plays a regulatory role and its phosphorylation by Src kinase may be crucial for caveolae formation and detachment from the membrane. [73, 74] . Residues [74, 75] . Caveolin-1 oligomerization is thought to facilitate the invagination and release of caveolae into the cytoplasm [76] . Therefore, Src-mediated phosphorylation may regulate the state of caveolin-1 oligomerization and subsequently control vesicle formation and fission from the plasma membrane. Another group has shown that caveolin-1 shifts to lighter fractions on a sucrose gradient upon EGF-stimulation in epithelial cells [72] . However, several studies showed that the ability of caveolin-1 to form oligomers incorporate into the lipid rafts, and bind caveolin-2 was not changed by either treatment with vanadate or v-Src co-transfection [54, 65, 77] 
Caveolin-1 exists as high-order oligomers consisting of 14-16 monomers. Velocity gradient centrifugation results showed the existence of 350-400 kDa complexes of caveolin-1 in vivo
60-101 are suggested to be involved in caveolincaveolin interactions and formation of homooligomers, and thus this region has been designated as the caveolin oligomerization domain
. Since caveolin-1␣ and ␤ isoforms co-oligomerize and it is possible that not all caveolin-1␣ in each oligomeric structure is phosphorylated, it is not yet clear whether caveolin-1 phosphorylation regulates oligomerization state or oligomer stability and thus requires further investigation.
Fernandez et al. [78] assessed the structure of caveolin-1 and its oligomers by studying the biophysical properties of a purified caveolin-1 fragment. This study showed that the short N-terminal sequence adjacent to the caveolin-1 membrane spanning domain forms an ␣-helix which is required for oligomerization of caveolin [78] . It was also proposed that the rest of the N-terminus wraps around this ␣-helix, facilitating oligomer formation and stability. In this regard, it is possible that phosphorylation of caveolin-1 changes its tertiary structure and causes destabilization of high molecular weight oligomers [46] . Nevertheless [81] and adaptor protein Grb7 [77] . [82] . Grb7 participates in focal adhesion formation and is important for cell migration [77] . Several studies localized caveolin-1 phosphorylated on tyrosine 14 to focal adhesions [77, 83, 84] 
Csk is a known regulator of Src family kinases and its recruitment to phosphorylated caveolin-1 provides a negative feedback loop for turning off Src
Role of actin cytoskeleton in caveolae-mediated endocytosis
The actin cytoskeleton is an essential requirement for endocytosis in several systems [85, 86] . Analysis of endothelial cells by electron microscopy revealed caveolae association with fine actin filaments [87] [37, 89] . SV40 translocation to caveolae was found to be independent of actin or phosphorylation events, whereas virus internalization within caveolae required phosphorylation-mediated actin re-modelling. Furthermore, other kinases that are involved in actin cytoskeletal regulation, such as phosphotidyl inositol (4, 5) kinase, and those that activate the Rho-family small GTPase Cdc42, were shown to inhibit endocytosis by activation of actin polymerization [48] . These and other studies lead to the speculation that caveolae are in fact not involved in constitutive endocytosis, but instead represent a highly stable plasma membrane compartment anchored by the actin cytoskeleton [90] which are mobilized in a phosphorylation dependent manner.
At this point, it is unclear how the actin cytoskeleton connects or communicates with caveolae. Dynamin-2 is known to interact with caveolin-1 [41, 63] as well as actin-binding proteins intersectin and cortactin [91, 92] [91] . Another possibility is that actin filaments interact with caveolae through filamin A, an actin cross-linking protein that was shown to directly bind caveolin-1 in vitro [93] . Additionally, Csk that is recruited to phosphorylated caveolin-1 has the ability to regulate actin cytoskeletal dynamics [77, 94, 95] . Src also participates in actin cytoskeletal re-modelling by regulating cortactin [96] [97] [98] .Therefore, it is possible that Src controls interactions of actin with caveolin-1, thereby regulating caveolar detachment from the membrane and vesicle internalization [88, 98, 99] 
